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Abstract
Objectives—The two objectives of the current study were to: 1) investigate the genetic 
contributions to variations in serum vitamin D concentrations under two dietary conditions (a 
standard monkey biscuit diet vs. a diet designed to model typical American consumption) and; 2) 
explore the interaction of vitamin D with pregnancy status using a cohort of pedigreed female 
vervet/African green monkeys.
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Materials and Methods—This study includes 185 female (≥3.5 years) vervet/African green 
monkeys (Chlorocebus aethiops sabaeus) from a multi-generational, pedigreed breeding colony. 
The 25(OH)D3 concentrations were first measured seven to eight weeks after consuming a 
“typical American” diet (TAD), deriving 37%, 18%, and 45% of calories from fat, protein sources, 
and carbohydrates, and supplemented with vitamin D to a human equivalent of 1,000 IU/day. 
Vitamin D concentrations were assessed again when animals were switched to a low-fat, standard 
biscuit diet (LabDiet 5038) for eight months, which provided a human equivalent of 
approximately 4,000 IU/day of vitamin D. All statistical analyses implemented in SOLAR.
Results—Pregnancy was associated with reduced 25(OH)D3 concentrations. Heritability 
analyses indicated a significant genetic contribution to 25(OH)D3 concentrations in the same 
monkeys consuming the biscuit diet (h2=0.66, p=0.0004) and TAD (h2=0.67, p=0.0078) diets, 
with higher 25(OH)D3 concentrations in animals consuming the biscuit diet. Additionally, there 
was a significant genotype-by-pregnancy status interaction on 25(OH)D3 concentrations (p<0.05) 
only among animals consuming the TAD diet.
Discussion—These results support the existence of a genetic contribution to differences in 
serum 25(OH)D3 concentrations by pregnancy status and emphasize the role of diet (including 
vitamin D supplementation) in modifying genetic signals as well as vitamin D concentrations.
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Introduction
Vitamin D (25-hydroxy vitamin D [25(OH)D]) is essential for calcium and phosphorus 
homeostasis, bone health, and other physiologic functions (Dawodu and Akinbi 2013; Jehan 
2014). Recently, there has been interest in evaluating the associations between vitamin D 
concentrations and extra-skeletal outcomes including cardiovascular and autoimmune 
disease, cancer, type 2 diabetes, obesity, and cognitive impairment (McGreevy and Williams 
2011; Jorgensen et al., 2012; Theodoratou et al., 2014), although most studies to date have 
been inconclusive. In addition, animal and human studies suggest that vitamin D may be 
involved in many functions of the reproductive system in both males and females, but 
mainly in females with in vitro fertilization outcome and association with endometriosis and 
polycystic ovary syndrome (Zanatta et al., 2011; Anagnostis et al., 2013; Mahmoudi et al., 
2013; Irani and Merhi 2014).
Studies have reported that the typically low vitamin D concentrations found in pregnant vs. 
non-pregnant women are further associated with multiple potentially adverse maternal 
(pregnancy induced hypertension, preeclampsia, gestational diabetes, infectious and 
inflammatory disorders), fetal (gestational duration), and infant (juvenile diabetes, 
developmental and psychological disorders) outcomes (Dror 2011; Dawodu and Akinbi 
2013; Karras et al., 2014). There is also contradictory evidence regarding the associations 
between maternal vitamin D status and bone development in offspring, while 
supplementation studies with vitamin D have shown improvement in neonatal calcium 
homeostasis (Karras et al., 2014, 2015). The mechanism for the beneficial effects of vitamin 
Chittoor et al. Page 2













D on the adult skeletal health has been documented, but the adverse effects and role in non-
bone health outcomes in pregnancy remains unclear (Brannon 2012; Glendenning and 
Inderjeeth 2015).
Vitamin D concentrations are under considerable genetic influence. Various candidate gene 
and genome-wide association studies (GWAS) have consistently implicated a role for 
genetic variation in vitamin D metabolism, with loci that include group-specific component 
(vitamin D binding protein [GC]), 7-dehydrocholesterol reductase (DHCR7), cytochrome 
P450, family 2, subfamily R, polypeptide 1 (CYP2R1), and cytochrome P450, family 24, 
subfamily A, polypeptide 1 (CYP24A1) (Ahn et al., 2010; Berry and Hyppönen 2011; Zhang 
et al., 2012; Hiraki et al., 2013; Zhang et al., 2013). However, variation in these genes 
appears to explain only a small proportion of the estimated heritability (additive genetic 
effects) for vitamin D. In addition, GWAS studies have focused on the direct effect of 
genetic variants on vitamin D concentrations, leaving the potential for interactions with 
vitamin D intake or synthesis relatively unexplored.
However, human genetic studies on vitamin D can be problematic in that they are typically 
based on observational data with highly variable environmental conditions. This lack of 
control over diet and other environmental determinants such as vitamin D supplementation, 
seasonal variation, and geographic location suggests broad utility for genomic investigations 
in animal models that share a considerable part of their genome with humans and in which 
controlled, human-like diets and environments can be manipulated. Many of these concerns 
can be addressed using animal models, especially nonhuman primates (NHP). Studies with 
vervet monkeys (Chlorocebus aethiops sabaeus) (Kavanagh et al., 2007; Jasinska et al., 
2012; Jorgensen et al., 2012; Voruganti et al., 2013) and other species of NHP have already 
shown the practical use of such animal models in genetic studies of metabolic diseases 
including type 2 diabetes and dyslipidemia (Comuzzie et al., 2003; Cox et al., 2009, 2013; 
Jasinska et al., 2013).
In contrast to human observational studies, NHP models provide an opportunity to conduct 
genomic research that controls for environmental factors such as diet, climate, housing as 
well as individual differences in reproductive condition. The objectives of the current study 
were to (1) investigate the genetic contributions to variations in serum vitamin D 
concentrations under two dietary conditions (a standard monkey biscuit diet vs. a diet 
designed to model typical American consumption) and; (2) explore the interaction of 




The study population consisted of 270 female vervet/African green monkeys (Chlorocebus 
aethiops sabaeus) from the Vervet Research Colony (VRC) of the Wake Forest Primate 
Center (WFPC). Study animals were of age (2.5 to 24.7 years old) and were all US-colony 
born. Details of the VRC have been previously described (Jorgensen et al., 2012; Jasinska et 
al., 2013). In brief, the VRC is a multi-generational, pedigreed, and genotyped colony 
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originally founded in 1975 with 57 animals imported from St. Kitts and Nevis. In early 
2008, the VRC was transferred from Los Angeles to the WFPC.
Housing
Subjects were housed in 16 indoor-outdoor pens at the WFPC. Each pen consisted of a large 
outdoor area (~1200 square-feet) and a divided indoor area (300 square-feet). All pens were 
fitted with elevated perches, platforms, and climbing structures. Each of the 16 pens 
contained a matrilineal breeding group consisting of one to two adult males and a varying 
number of adult females and immature offspring. Each group housed between 11 and 36 
animals greater than 3 years of age (19.31 ± 1.82). In general, females remain in their natal 
groups for their entire lives. Males are removed at four years of age to prevent sibling or 
son-mother mating and adult males are replaced every three-five years to maintain genetic 
diversity and prevent father-daughter matings. Males in some groups were vasectomized to 
control population growth.
Diet
Prior to 2004, the colony had been fed a standard primate diet (LabDiet 5038, Purina, St 
Louis MO), which is a standard biscuit diet. In 2004, the standard biscuit diet was replaced 
with a high-fiber, high-protein diet (LabDiet 5052; Fairbanks et al., 2010). In January and 
February 2008, the colony was transferred to WFPC and the diet was switched back to 
standard biscuit (LabDiet 5038) for approximately 11 months. Then, as part of a dietary 
challenge study described in Voruganti et al. (2013), the diet was switched to LabDiet 5L0P 
or TAD. After a 6-month challenge period, all animals returned to consuming the 5038-
biscuit diet. The challenge diet (5L0P, TAD) was formulated to mimic a ‘typical’ American 
consumption, deriving 37% of calories from fat, primarily saturated and monounsaturated 
fatty acids from animal fat, 18% from protein sources (mostly animal), 45% from 
carbohydrates (~20% starches, and ~19% simple sugars), and containing 0.18 mg/Cal 
cholesterol (Table 1). The TAD diet contained 3.0 IU/g of vitamin D3, a moderate level of 
supplementation equivalent to a 1000 IU/day for humans. In contrast, the biscuit diet 
contained 6.6 IU/g of vitamin D3, representing substantial supplementation of vitamin D to 
the human equivalent of 4000 IU/day. See Table 1 for details on the diet formulations. 
Throughout the study, animals were supplemented with fresh fruits and vegetables. All 
animals had ad libitum access to food, water, and opportunities to exercise.
Experimental Procedures
Of the 270 animals, 217 had 25(OH)D3 data collected while fed a biscuit diet and 26% 
(56/217) of individuals were pregnant at the time of vitamin D determination, 17 animals 
were lactating, and 3 animals had a miscarriage or stillbirth, and 238 had data collected 
while fed a TAD diet and 28% (67/238) of individuals were pregnant, 7 animals were 
lactating, and 12 animals had a miscarriage or stillbirth. For all the analyses, only animals 
that have information on both diets were used (N =185). Animals were sedated using 
ketamine (10–15 mg/kg) for all blood-sampling procedures, which are usually in the 
mornings between 9am and noon. Blood samples for 25(OH)D3 were collected on two 
occasions: 1) seven to eight weeks after they began consuming the TAD diet in April, 2009; 
and 2) eight months after they had been switched back to the biscuit diet in May, 2010. 
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Body weight and abdominal circumference at the level of the umbilicus were also measured 
at each time period. We utilized the Reading Hospital Vitamin D Testing Center’s Shimadzu 
liquid chromatography - mass spectrometry/mass spectrometry (LC-MS/2) technology. The 
HPLC/tandem mass spectrometry was used for the 25(OH)D assays with a determination for 
vitamin D3. Detailed methods for the collection of the samples and assays for 25(OH)D 
(vitamin D2 and D3) concentrations have been described previously (Jorgensen et al., 2012). 
Since 25(OH)D2 concentrations were often below the level of detectability (related to 
dietary intake), only 25(OH)D3 data were analyzed. Ultrasounds were performed on all 
females at date of sampling to determine pregnancy status and to help identify possible early 
miscarriages. Pregnancy status was further validated based on birth records such that any 
animal that gave birth within 165 days of the sampling date was determined to be pregnant 
at the time of sampling.
Approvals
All procedures were approved by the Wake Forest Institutional Animal Care and Use 
Committee (IACUC). Wake Forest University is fully accredited by the Association for 
Assessment and Accreditation of Laboratory Animal Care (AAALAC), and all animal care 
procedures follow the NIH Guide.
Statistical Analyses—All genetic analyses were implemented in the software Sequential 
Oligogenic Linkage Analysis Routines (SOLAR) (Almasy and Blangero 1998). Minitab 
Express version 1.1.0 (Minitab Inc. State College, PA) was used to conduct two-sample t-
tests for comparing vitamin D concentrations in pregnant vs. non-pregnant vervets 
consuming two different diets.
Estimation of heritability
To estimate the genetic contribution to 25(OH)D3 concentrations under each of the dietary 
conditions (biscuit and TAD), quantitative genetic analyses were performed using SOLAR 
both for unadjusted model and for a model with adjustment of age and pregnancy status 
effects. Heritability (h2) is defined as the total phenotypic variance (VP) in a trait (e.g., 
25(OH)D3) attributed to additive genetic factors (VA) (Falconer and Mackay 1996), which is 
h2 = VA/VP.
Genotype-by-pregnancy status interaction
To examine whether genetic influences on the 25(OH)D3 varied by pregnancy status (yes 
(PY) or no (PN)) under each of the dietary conditions, we conducted genotype-by-pregnancy 
(G × P) status interaction analyses. This approach is an extension of the variance 
components decomposition approach (Blangero and Almasy 1997; Almasy and Blangero 
1998), which tests two hypotheses: 1) whether variance due to genetic factors was 
significantly different according to the pregnancy status under each of the dietary conditions 
i.e., σg(PY) = σg(PN), and 2) whether the genetic correlation of vitamin D phenotype 
measured between pregnant and non-pregnant vervets under two different diets differed 
significantly from 1.0 i.e., ρG(PY,PN) = 1. To test for genotype-by-diet (G × D) influences 
on the 25(OH)D3 concentrations, we used a similar approach as for vitamin D phenotype 
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and tested two hypotheses — σg(biscuit) = σg(TAD), and ρG(biscuit,TAD) = 1. The details 
of this interaction model are described in Mahaney et al., (1999) and Voruganti et al. (2013).
Results
Table 2 summarizes the descriptive characteristics and heritability estimates for all traits 
considered for analysis. For the biscuit diet (n = 185), the mean ± SD of age and 25(OH)D3 
concentrations of study animals were 10.80 ± 4.43 years and 80.63 ± 24.40 ng/ml, 
respectively. In comparison, for the TAD diet (n = 185), the mean ± SD of age and 
25(OH)D3 concentrations were 9.73 ± 4.43 years and 62.38 ± 20.81 ng/ml, respectively. 
Significant heritability (p <0.05) of 25(OH)D3 concentrations was detected for biscuit diet 
when unadjusted (66%), but not significant when adjusted for age and pregnancy status 
(21%). However, 25(OH)D3 concentrations during the TAD dietary exposure were 
significantly heritable for both models at p < 0.05, 67% for un-adjusted and 51% for age and 
pregnancy status-adjusted (Table 2). Body weight and abdominal circumference tended to 
be higher in pregnant animals (TAD: 5.15 ± 0.75 kg, 35.06 ± 4.18 cm; biscuit: 5.35 ± 0.90 
kg, 36.70 ± 5.00 cm) than non-pregnant (TAD: 5.06 ± 0.62 kg, 33.26 ± 3.37 cm; biscuit: 
5.47 ± 0.79 kg, 36.50 ± 4.17 cm) animals in both diets, but only abdominal circumference 
was significantly different between pregnant and non-pregnant vervets consuming TAD diet 
(P = 0.0038). We also estimated phenotypic, genetic, and environmental correlations 
between vitamin D concentrations and both body weight and abdominal circumference (a 
better surrogate for obesity if >=40.5cm; Kavanagh et al., 2007). Yet, body weight and 
abdominal circumference did not exhibit statistically significant correlations with other traits 
in the current study, indicating that they do not share genetic effects with traits including 
25(OH)D3 concentrations (data not shown). On the other hand, heritabilities of both body 
weight and abdominal circumference were clearly influenced by age and pregnancy status 
when monkeys were on TAD diet, but not on biscuit (Table 2).
Figure 1 depicts the variability of 25(OH)D3 concentrations measured in pregnant vs. non-
pregnant monkeys, differentiated by consumption of the biscuit and TAD diets. It is clear 
that 25(OH)D3 concentrations were higher in monkeys while consuming the biscuit diet (p 
<0.0001) and also higher in non-pregnant (biscuit (n =137): 86.00 ± 21.85 ; TAD (n = 121): 
64.99 ± 22.05; p <0.0001) compared to pregnant monkeys (biscuit (n = 48): 65.30 ± 25.00; 
TAD (n = 64): 57.45 ± 17.36; p = 0.0659).
To assess the genetic contribution to differences in 25(OH)D3 concentrations in response to 
pregnancy, we conducted a G × P interaction analysis (Table 3). As described in the 
Methods, we assessed two interaction models. We found genetic variances of 25(OH)D3 
concentrations while consuming the TAD diet to be significantly different (p <0.02) between 
pregnant and non-pregnant animals. The second interaction model tested the hypothesis that 
the genetic correlation between the phenotypes under the two conditions is significantly 
different from one. This interaction model showed that genetic correlations between 
pregnant and non-pregnant animals were significantly different while consuming the TAD 
diet (p <0.03) condition; these interaction effects did not extend to animals consuming the 
biscuit diet.
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Table 4 gives the results of G × D interaction analysis. We found genetic variances of 
25(OH)D3 concentrations to be not significantly different between the biscuit and TAD 
diets, and also, the genetic correlation between biscuit and TAD diets for 25(OH)D3 
concentrations was not significantly different from one i.e., ρG(biscuit,TAD) = 1.
Discussion
The main findings of this study were that substantial additive genetic effects (heritability) on 
the variation in 25(OH)D3 concentrations were observed under both the biscuit and TAD 
diet condition in this NHP model. These outcomes extend our previous report showing large 
variations in serum vitamin D concentrations in monkeys with identical living situations, 
and diets (Jorgensen et al., 2012). In humans, heritability estimates for vitamin D 
concentrations range from 29% to 80% (Berry and Hypponen 2011; Hiraki et al., 2013). 
Similarly, our results showed that 25(OH)D3 concentrations were significantly heritable and 
in the same range as observed in people, and were observed regardless of diet (66% for 
biscuit and 67% for TAD), and that the greater vitamin D supplementation in the biscuit 
formulation significantly increased vitamin D concentrations. These observations comprise 
the first in-depth report of vitamin D genetics in an Old World monkey. One other study 
(Marx et al., 1989) reported differences in vitamin D metabolism among four different 
anthropoid species (crab-eating macaques (Macaca fascicularis), rhesus macaques (M. 
mulatta), squirrel monkeys (Saimiri sciureus), and night monkeys (Aotus vociferans)); 
however that investigation did not report on the genetics of variation in vitamin D 
concentrations.
Globally, the prevalence of inadequate vitamin D concentrations in pregnant women range 
from 5 to 84% (Brannon 2012), and evidence supports a role for reduced maternal vitamin D 
in pregnancy-related complications such as preeclampsia, gestational diabetes mellitus, 
preterm birth, and small size during gestation (Wei et al., 2013; Bodnar et al., 2013, 2014). 
Several studies reported low vitamin D levels in pregnant women (Dawodu and Wagner 
2012; Wagner et al., 2012); however, role of vitamin D in pregnancy outcomes is yet to be 
fully described. Some studies speculate that given the presence of vitamin D receptors in 
gestational tissues, there is biological plausibility for variation of vitamin D concentrations 
during pregnancy (Thota et al., 2014). Interestingly, in the present study, pregnancy status 
was associated with reduced vitamin D concentrations regardless of diet. Further study will 
be required to determine whether adverse outcomes occur in relation to individual 
differences in the degree of vitamin D reduction observed in this colony. It is also known 
that maternal vitamin D metabolism changes during pregnancy in women, but this 
phenomenon was not studied here. Nor are the mechanisms linking variation in vitamin D to 
maternal or fetal outcomes well understood (Brannon 2012; Theodoratou et al., 2014).
As a secondary outcome, we also found significant G × P interaction effects on 25(OH)D3 
concentrations. This interaction indicates that phenotypic variation in 25(OH)D3 
concentrations is attributed to genetic architecture based on pregnancy status in this species. 
We found that the genetic correlation was significantly different from 1, but only while 
monkeys consumed the TAD diet. This finding indicates that different genes influence 
expression of vitamin D concentrations in pregnant vs non-pregnant individuals in this 
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dietary condition. Similarly, variance due to genetic factors was significantly different in 
pregnant vs. non-pregnant animals while they consumed the TAD diet, indicating an effect 
of pregnancy on the magnitude of genetic influence on the 25(OH)D3.. We did not find any 
significant G × P interaction effects for biscuit diet, may be because the effects were masked 
by the heavy supplementation of diet with vitamin D.
Also, non-significant G × D interaction for 25(OH)D3 indicates that the genes affecting 
vitamin D in monkeys consuming biscuits may not be different from the genes affecting 
vitamin D in monkeys eating a more human-like TAD diet. However, previous genetic 
analyses of cardiometabolic traits in the VRC have suggested a differential genetic 
architecture comparing the TAD and standard biscuit diet (Voruganti et al., 2013). These 
observations highlight the importance of mimicking a human dietary environment for 
translational genomic research in NHP model systems (Cox et al., 2013; Jasinska et al., 
2013; Kavanagh et al., 2013). This is especially the case for biological processes and 
pathways related to vitamin D, where a standard biscuit diet like the one used here reflects a 
degree of vitamin D supplementation well beyond what is currently recommended for 
humans (4,000 IU compared to the National Academy of Medicine’s current 
recommendation of 600 IU for adults under 70 years of age and 800 IU for those 70 years 
and older; Institute of Medicine).
Several limitations of the current study deserve consideration. First, only a small number of 
male animals in the VRC pedigree were assayed for vitamin D, thus restricting our analyses 
to females. Also, while our statistical models controlled for pregnancy, we were not able to 
control for gestational age due to insufficient sample size. Therefore, it is unclear whether 
this adjustment is sufficient to address expected fluctuations in vitamin D throughout the 
course of pregnancy in vervets (based on evidence observed in humans by Milman et al., 
2011). Furthermore, we have not investigated how the effects of specific genetic variants 
may change in response to dietary vitamin D supplementation. In the future, the availability 
of whole-genome sequence for the VRC will provide a complete catalogue of vervet genetic 
variation (Jasinska et al., 2013), facilitating association-mapping experiments across the 
allele frequency spectrum. In addition, it will also enable more accurate estimates of genetic 
variance based on the realized relationship matrix derived from marker genotypes (Lee et 
al., 2010). Therefore, one immediate future research direction is to utilize VRC whole 
genome data to investigate genetic interactions with dietary and/or other environmental 
manipulations. We also note that vitamin D was assessed at only a single time point in each 
dietary condition, a fact that matches typical clinical practice but that also likely increased 
error variance. Despite these limitations, the current investigation highlights in a widely 
used NHP model the significant influence of genes on variation in vitamin D concentrations, 
the reduction of vitamin D concentrations in pregnant vs. non-pregnant individuals, the fact 
that pregnancy modifies genetic influences on individual variation in vitamin D 
concentrations, and finally the observation that different genes influence vitamin D variation 
in monkeys consuming a standard biscuit diet vs. those fed the more human like TAD diet 
seems unlikely from our findings.
In summary, our study is the first to report that vitamin D concentrations are under 
significant genetic influence in a nonhuman primate model studied under controlled dietary, 
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housing, and climate conditions. The presence of gene-by-pregnancy status interaction 
indicates that differential genetic effects are involved in the regulation of these vitamin D 
concentrations in pregnant and non-pregnant vervets under biscuit and TAD diets, 
respectively. These observations highlight the importance of mimicking a human dietary 
environment for translational genomic research in model systems such as the NHP. In 
addition, vervets that were pregnant had decreased serum vitamin D concentrations 
regardless of which diet they received. The knowledge gained from this study has to be 
utilized in investigating genetic mechanisms underlying these changes and the role of 
vitamin D during pregnancy.
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Table 1
Diet formulations for the “standard” Biscuit diet and the “typical” American diet (TAD) including the 
women’s equivalent of daily vitamin D
Biscuit (Purina LabDiet 5038) TAD (Purina LabDiet 5L0P)
Fiber (crude, %) 5 9
Calories by protein (%) 18 18
Calories by fat (%) 13 37
Calories by carbohydrates (%) 69 45
Metabolizable energy (kcal/g) 3.22 3.34
Vitamin D3 (IU/g) 6.6 3.0
Women’s equivalent of Vitamin D3 (IU/day) 4000 1000
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Table 3
Summary of the genotype-by-pregnancy status interaction for 25(OH)D3 phenotype
Trait σg(PY) = σg(PN); p value ρG(PY,PN) =1; p value
Biscuit-25(OH)D3 0.3275 0.2532
TAD-25(OH)D3 0.0138 0.0206
p values in bold significant at<0.05 level
σg: Variance due to genetic factors
ρG: Correlation due to genetic factors
PY, PN: Pregnancy status (yes or no)
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Table 4
Summary of the genotype-by-dietary supplementation interaction for 25(OH)D3 phenotype
Trait σg(Biscuit) = σg(TAD); p value ρG(Biscuit,TAD) =1; p value
Diet-25(OH)D3 0.6994 0.1515
p values in bold significant at<0.05 level
σg: Variance due to genetic factors
ρG: Correlation due to genetic factors
Am J Phys Anthropol. Author manuscript; available in PMC 2017 April 01.
